Context. At the wavelength of 8 mm emissive features (high brightness temperatrue regions, HTRs) and absorptive features (low brightness temperature regions, LTRs) can be traced for the determination of the solar rotation. From earlier studies it is known that about two thirds of LTRs are associated with Hα filmaments. Thermal bremsstrahlung and gyroresonant (cyclotron) radiation mechanism can be important to explain the observed phenomena. Aims. The goal of the present analysis is to determine the heights of solar structures observed at 8 mm and to interpret their radiation mechanism(s). Methods. We use the method for the simultaneous determination of the solar synodic rotation velocity and the height of tracers. The rotation velocities were determined by the linear least-square fit of their central meridian distance as a function of time. A procedure for calculating the brightness temperature for given wavelength and model atmosphere, integrating the radiative transfer equation for the thermal bremsstrahlung, is used. Results. The mean value of the low brightness temperature regions' heights is about 45 600 km. This height was used as an input for constructing the prominence and coronal condensation models, which, assuming the thermal bremsstrahlung as the radiation mechanism, yield the decrease of the brightness temperature in the order of 2 -14 %, in agreement with observations. If the same radiation mechanism is considered, the models of the solar corona above ordinary active regions give an increase of the brightness temperature in the order of 5 -19 %, also in agreement with observations. In this latter case an indirect indication (from the rotational analysis) that the HTRs are located higher in the solar atmosphere than the LTRs was taken into account. Conclusions. The method for the simultaneous determination of the solar synodic rotation velocity and the height of tracers could have been properly applied only on LTRs, since a homogeneous distribution over latitudes and central meridian distances of a large enough data set is necessary. The thermal bremsstrahlung can explain both the LTR (prominences and coronal condensations) and HTR (ordinary active regions) phenomena.
Introduction
The heights of solar structures observed at wavelengths of about 1 cm are uncertain since in this wavelength range the solar atmosphere is mostly transparent. The corresponding frequency of radiation is greater than the plasma frequency for altitudes higher than about 200 km above the solar photosphere (e.g., Brajša 1993) . Further, various radiation mechanisms can be effective: besides the overall thermal bremsstrahlung, also the gyroresonant (cyclotron) emission might be important in the regions of strong magnetic fields (Aschwanden et al. 1995) . In the quiet solar atmosphere the optical depth τ = 1 for thermal bremsstrahlung might be reached already at the height of about 2000 km (Schleicher 1976; Benz et al. 1997; Brajša et al. 2007b) . So, the height determination of solar structures in this wavelenght range is important. The method of solar rotaAlexander von Humboldt Research Fellow tion stereoscopy developed by Bastian (1994a, 1994b) and Aschwanden et al. (1995) enables the height determination at cm and mm wavelengths. In the present analysis we use the method for the simultaneous determination of the solar synodic rotation velocity and the height of tracers developed by Roša et al. (1998) . This method can properly be applied if the tracers used for the solar rotation determination are at least to some extent homogenously distributed over latitudes and central meridian distances. The structures' heights obtained in such a way are used then as constraints for modelling and interpreting the source radiation.
A special problem in the solar rotation analysis using tracers at mm and cm wavelengts are projection effects in the position determination, since the objects belong to the solar chromosphere and corona (e.g., Liu & Kundu 1976; Aschwanden et al. 1995; Brajša et al. 1997 Brajša et al. , 1999 Brajša et al. , 2000 . If these effects are not taken into account, systematic influences on the solar rotation results (changes in the measured rotational velocity and heliographic latitude) may arise. This can make a comparison with rotational results obtained with photospheric tracers misleading. To overcome that problem, a method for the simultaneous determination of the solar synodic rotation velocity and the height of tracers was developed (Roša et al. 1998 ). This method was later successfuly applied to Hα filaments and to coronal bright points (Brajša et al. 2004) . We note that projection effects should also be taken into account for correct description of coronal mass ejections (Vršnak et al. 2007 ) and the solar rotation determined by supergranules (Hathaway et al. 2006 and references therein) .
As a measure of radiation intensity in radio astronomy the brightness temperature T b is commonly used. On full-disc solar images obtained at mm and cm wavelengths, structures of lower and higher brightness temperature than the quiet Sun level (qsl) can be distinguished. These are the low temperature regions (LTRs, T b < qsl), and high temperature regions (HTRs, T b > qsl), respectively. As tracers for solar rotation studies LTRs were often used (Brajša et al. 1992a (Brajša et al. , 1996 (Brajša et al. , 1997 (Brajša et al. , 2000 (Brajša et al. , 2001 , but also LTRs and HTRs (Liu & Kundu 1976; Urpo et al. 1989) and HTRs only (Teräsranta 1982; Urpo & Pohjolainen 1987; Aschwanden et al. 1995; Riehokainen et al. 1996 Riehokainen et al. , 1998 . However, some of these studies were based only on limited data sets and the height correction was not always taken into account in a proper way.
In the present work we use a series of diurnal full-disc solar maps recorded at the wavelength of 8 mm at the Metsähovi Radio Observatory in the years 1979 -1982 and 1987 -1991. In these maps LTRs and HTRs were identified and traced. The LTRs from that data set were analysed by Brajša et al. (1997) . However, in that study a significant part of LTRs' velocities were determined only approximatively by the graphic method, i.e., without a numerical calculation. In the present work we determine all rotation velocities in the same way by the calculation procedure described in subsection 3.1. Further, while some aspects of the LTRs' height correction were considered partially (Brajša et al. 1997 (Brajša et al. , 2000 , the whole method has not been yet consistently applied to the LTR data set, as is the case in the present analysis (subsection 3.2.). This enables us not only to correct the differential rotation profile obtained tracing LTRs, but also to determine the average heights of the used tracers. At these heights various radiation sources will be modelled to understand which physical conditions can lead to the appearance of the LTR phenomena. Finally, in present work we also include the rotational analysis of HTRs.
Measurements and the data set
At the Metsähovi Radio Observatory, Helsinki University of Technology, solar observations have been performed with the 14 m dish radio telescope since 1976 (Urpo et al., 1994;  http://kurp-www.hut.fi/sun/). The radio telescope can be used in the frequency range between 10 and 100 GHz, and in the present analysis, diurnal full-disc solar maps taken at the frequency of 37 GHz (λ = 8 mm) were used. The beam width of the telescope amounts to 2.4 arc min at this wavelength and the quiet Sun level is estimated at a brightness temperature T b = 7800 K (e.g., Urpo et al., 1994) . The sensitivity of the receivers enables for 0.1 s.f.u. resolution. In the temperature scale this corresponds to a resolution of better than 100 K and it is limited by short term changes in the atmospheric attenuation (e.g., Urpo et al.,1994; Riehokainen et al., 1998; Pohjolainen, et al., 2000) .
Metsähovi full-disc solar maps at 8 mm can be visualized in various representations, such as maps with contours of constant brightness temperature (e.g., Urpo et al., 1989 Urpo et al., , 1994 Pohjolainen et al., 1991; Brajša et al., 1992b Brajša et al., , 2007a , as greyshadded plots (e.g., Brajša et al., 1996) , and as colour maps where different colours represent different brightness temperatures (e.g., Brajša et al., 2007b) . Several hundreds full-disc solar contour maps recorded in the years 1979-1982 and 1987-1991 were analysed. In these maps the LTRs and HTRs were identified; one example is given in Fig. 1 in paper by Brajša et al. (1992a) .
The brightness temperature minima (maxima) inside the contours of LTRs (HTRs) were used as tracers for the solar rotation determination and their positions (the heliographic latitude and the central meridian distance) were determined and stored. The accuracy of the heliographic coordinate determination was 1 deg, which is much better than the spatial resolution of the radio telescope. Estimating the uncertainty in the determination of solar coordinates to be 3 -5 deg at medium latitudes, and requiring a signal to noise (S/N) ratio better than 10, one finds that a feature should be traced at least 2 to 4 days, depending on the position on solar disc, since shorter tracing times, combined in uncertainty mentioned in coordinate determination, could lead to unreliable results (Brajša et al., 1997) . In total, 620 LTRs and 155 HTRs were identified and traced. LTRs were followed in 2 -10 consecutive maps and HTRs in 2 -13 consecutive maps.
Methods of data reduction

The determination of the rotation velocity
The rotation velocities of LTRs and HTRs were determined by the linear least-square fit of their central meridian distance (CMD) as a function of time, t. The transformation from the synodic to the sidereal rotation velocity was performed using the constant factor (∆ω = 360 deg/365 days), i.e., not as a season's dependent function, which is also not needed because of the given precision of the position determination.
As usually, the solar differential rotation is represented by
where ω is the sidereal rotation velocity in deg/day, ψ the solar latitude in degrees and A, B, the solar differential rotation parameters.
The method of the height correction
We describe now briefly the method for the simultaneous determination of the corrected solar rotation velocity and the height of tracers according to the paper by Roša et al. (1998) . The main assumption of the method is approximately the same height of the tracers which does not significantly change during the tracing. Further, proper motions of the sources are supposed to be smaller than the spatial resolution of the radio telescope. Finally, unusually high rotation velocities, measured especially at large central meridian distances and high latitudes, are a consequence of projection effects, since it is certain that the tracers belong to the solar chromosphere and corona. We note that the quantities denoted with the asterisk ( * ) are the measured ones and without it the corrected ones. First we introduce the parameter β, which connects the height parameter, = h/R, where h is the height above the solar surface and R the solar radius, with the observed, ψ * , and corrected, i.e., true latitude of the tracer, ψ
This is Eq. (17b) in Roša et al. (1998) , which can be approximated with
for the case B 0 ≈ 0, where B 0 is the heliographic latitude of the solar disc centre. This is Eq. (20b) in Roša et al (1998) . The relative deviation of the parameter β from a constant value due to the change of the projected heliographic latitude is less than 2 % even in the most inconvenient cases when B 0 reaches the maximum value and the tracer is close to the limb (Roša et al. 1998 ). Now we connect the parameter β with the mean observed CMD, λ * , and corresponding observed, ω * , and corrected rotation velocity, ω, of the measured tracer
This is Eq. (21d) in Roša et al. (1998) . Further, we introduce the following abbreviations
where the summation refers to 10-deg latitude bins and N is the number of measured pairs of velocity, ω * i , and mean CMD, λ * i , in each bin. The corrected rotation velocity ω and the parameter β can now be calculated by
which are Eqs. (33a) and (33b) in Roša et al. (1998) , respectively. Finally, the true height of the tracer is calculated by
where ψ * is the mean latitude value for each latitude bin
These two expressions are Eqs. (34) and (35) from Roša et al. (1998) . Eqs. (12) and (3) hold in the approximation B 0 ≈ 0. As already stressed, the relative deviation of the parameter β from a constant value due to the change of the projected heliographic latitude is less than 2 % even in the most inconvenient cases when B 0 reaches the maximum value and the tracer is close to the limb (Roša et al. 1998) . The mean value of the measured rotation velocities is calculated by
for each latitude bin. The corrected latitude ψ is calculated by
This formula is obtained by combining Eqs. (2) and (3).
The determination of tracers' heights and corrected rotation velocities
The HTR data set is too small for a consistent and reliable application of the height correction. So, we continue only with the LTR data set. The method relies on a homogeneous distribution of the measured rotation velocities according to the latitude and the CMD. The LTRs' tracing times were up to 10 days, and even after a few days, the CMD span is already too large that the observed rotation velocity can be properly connected with the corresponding mean CMD. For this reason, the whole LTR data set was reanalysed determining rotation velocitites with the method of daily shift, i.e., by dividing the observed CMD displacement with the elapsed time in pairs of consecutive images. In this way, 1518 rotation velocities of LTRs (instead of 620 determined with the method described in subsection 3.1.) were obtained, together with their corresponding latitudes and CMDs. After filtering out all sidereal rotation velocities less than 11.0 deg/day, 1365 values remained for further analysis. The upper limit of the rotation velocity filter was held open, since the extremely high velocity values are considered as a consequence of projection effects. The calculation of the height correction proceeds in the following way. All measured rotation velocities (after an application of the low filter only, as described above) with the corresponding mean values of the CMD are divided in 10-deg latitude bins. Both solar hemispheres were folded together. Now, for each latitude bin the mean value of the corrected rotation velocity ω and the parameter β are calculated according to Eqs. (5) and (6), respectively. The measured rotation velocities ω * i are now fitted as a function of the measured central meridian distance λ * i using Eq. (4) and taking into account the corrected (true) rotation velocity ω and the value of the parameter β for each latitude bin.
Further, the height of the tracer above the solar surface (expressed in units of the solar radius R) is calculated by Eq. (12) for each latitude bin taking into account the mean latitude of all measurements in each bin using Eq. (13). Finally, the corrected mean latitude for each bin is calculated by Eq. (15). For each latitude bin we now have the mean observed values of the latitude and the rotation velocity, ψ * and ω * , calculated using Eqs. (13) and (14), and the corresponding corrected values, ψ and ω calculated by Eqs. (5) and (15). From these values the corrections specific for each latitude bin are calculated as ∆ω = ω − ω * and ∆ψ = ψ − ψ * and used to correct all individual measured pairs of the rotation velocity and latitude, for 620 rotation velocities of identified LTRs traced in 2 to 10 consecutive images. In this way the corrected data set of LTRs velocities was established.
Results
Solar differential rotation determined tracing low and high brightness temperature regions at 8 mm
We present the results on solar differential rotation for the three cases, HTRs without the height correction and LTRs without and with the height correction (Tables 1-3 and Fig. 1 ). To reject the statistically unreasonable velocity values due to possible false tracer identification and inprecise position determination a running-average velocity filter over latitudes was applied (similar as in the rotational studies of coronal bright pints, Brajša et al. 2002 and references therein). The exclusion of the extreme rotation velocity values was carried out in two steps. All sidereal rotation velocity values lower than 8 deg/day and higher than 18 deg/day were excluded regardless of the tracer's latitude. Then the rotation velocity parameters from Eq. (1) were found for all remaining data points (1st step). Further, a filter excluding all velocity values differing by δ = 2.0 deg/day or more from the mean curve was applied to the data and finally new parameters were calculated (2nd step). The solar differential rotation parameters after applying the 1st and the 2nd step filter are given in Tables  1-3 , while in Fig. 1 the rotation profiles obtained only after the 2nd step filter are presented. (12) and (13). The numbers of used tracers in the latitude bins (n), the total number of tracers and the mean values of heights, with and without the results for the highest latutudes, are also given. 
The heights of low temperature regions
The effective heights of LTRs are calculated of each 10-deg latitude bin using Eq. (12) and the results are presented in Table  4 . According to the latitudinal distribution of LTRs, the first six latitude band, i.e., latitudes up to 70 deg are taken into account. The calculated heights refer to the effective solar radius R = R 0 + ∆R = 696 260 km + 500 km = 696 760 km used in the coordinate transformation (Pohjolainen 2006) . Following heights of LTRs relative to the mentioned effective solar radius were obtained:h = (45 580 ± 12 808) km for the latitudes in the range 0-50 deg andh = (35 406 ± 15 283) km for the latitudes 0-60 deg. These efective heights were obtained by averaging the mean values for 5 and 6 latitude bins (Table 4) , respectively. The standard errors are also given, expressed as σ/ √ N , where σ is the standard deviation and N the number of bins under consideration (Table 4) .
An interpretation of low and high brightness temperature regions phenomena
Low temperature regions
In one of our previous studies we have found that a little more than two thirds (69 %) of small, compact LTRs suitable for an analysis of the solar rotation were spatially associated with Hα filaments, i.e., prominences, in a qualitative agreement with other studies performed at the mm and cm wavelengths (Butz et al. 1976; Kundu et al. 1978; Schmahl et al. 1981; Kundu et al. 1986 ). These LTRs had brightness temperatures substantially lower than the quiet-Sun level and the association rate with Hα filaments was found to be dependent on the solar cycle phase, ranging from 39-76 % . It is interesting, that at shorter, submillimeter wavelengths radio depressions associated with Hα filaments were also observed (Bastian et al. 1993) , while at larger wavelengths of about 90 cm the apsorption is reversed to emission and Hα filaments can be observed as HTRs (Lang 1989) . The free-free absorption (inverse bremsstrahlung) is the main radiation mechanism which causes the absorption, i.e., the radio depression and the LTR phenomenon at mm wavelengths associated with prominences. This process has been extensively studied (e.g., Chiuderi Drago 1990; Chiuderi & Chiuderi Drago 1991; Chiuderi Drago et al. 1992; Brajša 1993; Engvold 1994; Tapping & Harvey 1994; Bastian 1995) , which is however not (1) to all filtered data points for each case. For comparison, the differential rotation profile obtained tracing sunspot groups from the Greenwich data set (Balthasar et al. 1986 ) is also given. the case for LTRs not associated with prominences. We now develop models for both LTRs with and without associated prominences, calculate their brightness temperatures and compare them with the observed values.
A quiet solar region having an average magnetic field less than 100 G emits radiation in the millimeter wavelength range by thermal bremsstrahlung in the temperature range between 10 4 K and 10 7 K (Hurford, 1992) and this radiation mechanism is assumed here for the interpretation. In radio astronomy intensities, I, are usually expressed in terms of the brightness temperature, T b , using the Rayleigh-Jeans approximation of Planck's law:
where ν is the observing frequency, k B is the Boltzmann constant, and c is the speed of light. The brightness temperature is the solution of the radiative transfer equation (e.g., Rohlfs & Wilson, 2004) :
where the optical depth, dτ, of the bremsstrahlung for solar abundances neglecting the magnetic field is given by (e.g., Benz, 2002) :
(1 − 8.06 × 10 7 n e /ν 2 ) 1/2 ν 2 T 3/2 e ds .
The Gaunt factor, ln Λ, is a slowly varying function of the electron temperature, T e , and density with a value of about 8 for the upper chromosphere. Eqs. (17) and (18) indicate that the effect of a temperature increase on the radio intensity is model dependent. Our investigation is based on the models of Fontenla et al. (1993) describing average models that agree reasonably well with radio observations (Bastian et al. 1996) . The average model is now disturbed to find the necessary deviations for the observed structures (LTRs and HTRs) at mm wavelength range.
The calculation was performed using a program that computes the brightness temperature for different wavelengths and stores the increase in brightness temperature per unit height in an array. Finally the program integrates these contributions and yields the total brightness temperature at each frequency.
Our starting model of the solar chromosphere and corona is the FAL model A (Fontenla et al. 1993) , combined with the Baumbach-Allen coronal model at high altitudes using an electron temperature T e = 1.2×10 6 K (Benz et al. 1997) . This model roughly describes the structure of a coronal hole (Brajša et al. 2007b) and in the present analysis we will use it as a model of the quiet Sun (QS). We justify this assumption with our interest only in the relative deviation of the brightness temperature from some reference level, calculated for different models.
In the next step we construct deviations from the Model QS, taking into account the heights of LTRs obtained from the analysis of their differential rotation (Subsection 4.2.). We change the temperature (T ) and the density (n) in the height range from 40 000 − 50 000 km, representing the LTR body in the solar corona. For the interpretation, we consider prominences for LTRs associated with Hα filaments and coronal condensations for LTRs not associated with Hα filaments. According to Kundu et al. (1978) a coronal condensation, whose density is not high enough to be seen in Hα, can still cause absorption at mm wavelengths, i.e., lead to the appearance of a LTR.
Considering the typical physical parameters of prominences (e.g., Engvold et al. 1990 ) and coronal condensations (e.g., Kundu et al. 1978) we construct three prominence models (Models PROM1, PROM2, PROM3) and one model of the coronal condensation (Model CC). In case of the three prominence models we retain the thermodynamic (hydrostatic ?) equilibrium, multiplying the density n, by the same factor f , by which the temperature T is devided. In case of the coronal condensation model, we keep the density lower than requiered by the equilibrium condition.
These five models are presented in Figs. 2 and 3. In Fig. 2 the product of electron density (n) and temperature (T ) is given as a function of height above the solar photosphere. The pressure p = nk B T (where k B ) is the Boltzmann constant) is exponentially decreasing in the corona at large scale. For the three prominence models there is no change in the pressure relative to the quiet Sun model, while it is lower for the coronal condensation model. Fig.  3 is similar to Fig. 2 , but only the density (n) is presented. In both cases (Figs. 2 and 3 ) also the temperature (T ) for all models is overplotted.
The numerical parameters of the models and the calculated brightness temperatures are presented in Table 5 . As can be seen in the Table, the brightness temperature is decreased for the three prominence models in the range from 100 K to 1000 K, and for the coronal condensation model in the order of 1000 K. These values are in a quantitative agreement with the observed brightness temperatures of LTRs measured at 8 mm (Pohjolainen et al. 1991; Brajša et al. 1992b; Brajša et al. 1997 ). However, we should bear in mind that the beam/convolution effect tends to decrease the amplitude of the brightness temperature depressions of small sources.
So, assuming the thermal bremsstrahlung as the radiation mechanism and imposing physical conditions of prominences and coronal condensations at the heights derived from the analysis of differential rotation, we can explain both the LTRs with and without associated filaments.
High temperature regions
In case of HTRs, which are mostly related to ordinary active regions, two mechanisms may be important. If the thermal bremsstrahlung is considered as the radiation mechanism, then the enhanced intensity is a consequence of the increased density. The other radiation mechanism is the gyroresonance (cyclotron) emission from areas with strong magnetic field (Aschwanden et al. 1995) . Such areas are expected to be located in ordinary active regions.
Concerning the thermal bremsstrahlung, we construct different models, as in the case of LTRs (previous subsection). We assume that above ordinary active regions the solar atmosphere has a disturbed temperature and density structure in the range of heights 10 000 km -80 000 km. In all three cases, the temperature is increased by the factor of 2 and the density by the factors of 5, 7, and 10, for the models AR1, AR2, and AR3, respectively. These conditions are summarized in Table 6 , where also the resulting brightness temperatures are given, while the densities at some characteristic heights for these three models are given in Table 7 . The brightness temperature of HTRs modelled in such a way is enhanced in the range 5 -20 %, (Table 6) in agreement with observations (e.g., Pohjolainen et al. 1991 ). Finally we note, that in our models, an increase of the coronal temperature, while keeping the same density structure, leads to decreasing of the resulting brightness temperature, as expected for that temperature range.
!!!!!!! a paragraph on cyclotron radiation !!!!!!!!!
Discussion and conclusions
In the present work we have used the method for the simultaneous determination of the solar synodic rotation velocity and the height of tracers. This method can be properly applied only if there are enough rotation velocity measurements provided by observations, which are reasonably well distributed over solar latitudes and central meridian distances. In our data set this was the case only with LTRs. As a consequence of the height correction, the solar differential rotation curve was shifted to the systematically lower walues and also the profile became more differential ( Fig. 1 ; Tables 2 & 3) . This method enables also the determination of the tracers' heights. The mean value of the LTR' heights was found to be about 45 600 km (Table 4) , which was than used to model prominences and coronal condensations (Figs. 2 & 3 ; Table 5 ). Assuming the thermal bremsstrahlung as a radiation mechanism, the observed brightness temperatures of LTRs associated with Hα filaments (solar prominences) and of LTRs not associatied with Hα filaments (coronal condensations) can be successfuly reproduced (Table 5 ).
In case of HTRs the above described method could not have been applied, but systematically higher rotation velocities of HTRs than of LTRs at low latitudes (Fig. 1) represent an indirect indication that the HTRs have higher altitudes than the LTRs. Using this information and assuming again the thermal bremsstrahlung as the radiation mechanism we have also successfully modelled HTRs (Tables 6 & 7) , considering that HTRs are manifestations of ordinary active regions. The differential rotation profile of sunspot groups was overplotted in Fig. 1 for comparison. We note that the slope of the differential rotation curve of HTRs is very similar to that of sunspot groups (both tracers are related to ordinary active regions), although the whole curve is systematically shifted to higher values. This shift is consistent with the uncorrected heights of HTRs due to projection effects, as earlier discussed. Table 5 . Temperature (T ), density (n) and resulting brightness temperature (T b ) for the five models under consideration.
Model
Temperature T (K) Density n (cm Table 7 . Density (n) at given heights (h) for the four models given in Table 6 .
Height h (km) Density n (cm −3 ) Model QS AR1 AR2 AR3 10 000 3.327 × 10
